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Human intervenebral disc degeneration is a formidable 
clinical problem and a leading canse of pain and disabil- 
iry, resulting in significant healch care-related costs.^"^ 
The degenerative process in intervertebral discs is asso- 
ciated with a series of biochemical and morphologic 
changes that combine to alter the bionxechanical proper- 
ties of the motion segment.'*"" Disc degeneration itself 
can cause low back pain,^^"'"^ but also may be an early 
event in the spinal degenerative cascade, ultimately lead- 
ing to a variety of degenerative padiologies of the spine. 
Intervertebral discs have Uraited intrinsic capacity for 
rcpair,*"^'^* so treatments of disc degeneration so far have 
revolved largely around pain-control measures or spinal 
surgeries vvith variable outcomes. An alternative ap- 
proach might involve biologic therapies, such as genetic 
modification, that could slow or reverse the disc degen- 
erative process. 

The pathogenesis of intervertebral disc degeneration 
continues to be area of investigation. However, many of 
the changes diac occur in the composition of the extra- 
cellular matrix and the phenotypic profile of the disc cells 
themselves remain undear. The nucleus pulposus is es- 
sential for norma) disc biomechanical functioning, and 
some evidence indicates that disc degeneration may be- 
gin in the nucleus pulposus/ ^"^^ As disc degeneration 
progresses, the distinguish'mg features of the nucleus pul- 
posus are lost. In the young adult, the nucleus pulposus 
contains a high percentage of Type 2 collagen synthe- 
sized by the disc cells. With aging, synthesis of Type 2 
collagen declines, whereas degradation of existing Type 
2 collagen gradually increases. Funhermore, Type 1 col- 
lagen production within the disc increases, leading to a 
higher proportioa of less compliant Type 1 collagen. In 
a parallel development, the degenerating intervertebral 
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. disc cells begin to assume more of a spindle shape, as 
opposed to chondrocytic morphology, reflecting an un- 
derlying change in the functional demands for the cells 
and the surrounding extracellular manix.^° These histo- 
logic and biochemical changes also have been docu- 
mented in several animal models of disc degenera- 
cion.*'^^"^ Ulamatcly, with advanced degeneration, a 
disorganized fibrous matrix replaces the previously well- 
organized disc structure. 

The decline in Type 2 collagen within the nucleus pul- 
posus features prominently in the pathogenesis of disc 
degeneration, and reversing this trend may afford an op- 
portunity for modifying early disc degeneration. The reg- 
ulation of Type 2 collagen synthesis undoubtedly is a 
complex interplay of local and systemic factors. Recent 
studies have demonstrated Sox9 to be an essential tran- 
scription factor for Type 2 collagen synthesis and also for 
chondrogenesis,^^"^ Therefore, Sox9 has been termed a 
'^master regulator" of the chondrocyte phenotype.^^"^^ 
As a member of the Sry-typc HMG-box family of genes, 
Sox9 plays an important role in early embryogenesis, 
appearing as early as 10 days past coitus (dpc) in the 
mouse.^^ It is expressed in mesenchymal condensations 
before and during chondrogenesis, and is critical to nor- 
mal skeletal development. In mouse embryo chimeras, 
Sox9-/- cells were unable to form canilage from undif- 
ferentiated mesenchymal tissue,^"* Mice with heterozy- 
gous Sox9+/- died perinatally, and were notable for car- 
tilage-related defects such as cleft palate and extremity 
defonniries-^^ In a parallel development, mutations of 
the hmnan Sox9 gene result in the skeletal dysmorphol- 
ogy syndrome, campomelic dysplasia-^*^ According to 
Lefebvre et al^^ Sox9 binds to a potent chondrocyte- 
specific enhancer region in incron 1 for the Procitl{II) 
gene. This interaction upregulates Proal (U) gene expres- 
sion, and thereby. Type 2 collagen synthesis. The en- 
hancing capacity of Sox9 on the Proctl(ir) gene can be 
augmented further by the addition of L-Sox5 and 
Sox6.^^ 

In this study, it was hypothesized chat chondroblastic 
and primary human degenerated intervertebral disc cells 
can be infected effectively with an adenoviral veaor ex- 
pressing Sox9, These infected cells should demonstrate 
bcreased Type 2 collagen synthesis in vitro, as compared 
with control cells. Moreover, injections of the Sox9- 
expressing adenoviral vector directly into the nucleus 
pulposus in a rabbit model of disc degeneradon should 
delay degenerative changes in the intervertebral disc con- 
sistent with increased Type 2 collagen synthesis in vivo, 

■ Materials and Methods 

Cell Culture and Chemicals. Human embryonic kidney line 
HEK 293, human colon cancer line HCril6, and human 
chondrosarcoma line HTB-94 were purchased from the Amer- 
ican Type Culture CoUection (Manassas, VA), The HEK 293 
and cells were maintained in Diilbecco*s modified Ea- 

gle medium (DMEM, Mediaccch, Hcmdon, VA) suppjcmenccd 
wiih 10% (v/v) hcat-inactivatcd fetal calf serum (FBS, Media- 



tcch) and streptomycin (100 /ig/mL final concentration)/ 
peoidilin (100 lU/mL final concentration) (Mediatcch ) ar 37** C 
in an atmosphere of 5% CO2- The HCT116 cells were main- 
tained in McCoys 5A (Mcdiatech) supplemented with 10% 
(v/v) heat-inacdvatcd fctaJ calf serum and streptomycin (100 
/Ig/mL final conccntta do n)/peniril I in (100 lU/mL final concen- 
tration) (Mcdiatech) at 37*C in an atmosphere of 5% COj. 
Once the cells had formed a confluent monolayer, they were 
tiypsinized and transferred to a T-25 flask and allowed to ex- 
pand exponentially until they were approximately 70% to 
80% confluent. Unless otherwise indicated, all the chemicals 
were purchased ficom Sigma (St. Louis, MO). 

Construction and Generation of Recombinant Adenovi- 
ral Vector AdSo?c9. An HA-tagged cDNA coding sequence of 
human Sox9, pBS-HA-Sox9 vcaor, was generously provided 
by Drs. Vincent R. Harley and Sharon McDowall of the Uni- 
versity of Melbourne, Australia. The HA-taggcd Sox9 cDNA 
was subcloned into a shutdc vcaor, pAdTracK-CMV. The re- 
sultant pAdTrack-Sox? was used next to generate adenoviral 
recombinants through homologous recombination with die ad- 
enoviral backbone vector, pAdEasy-1, in BJ5183 bacterial cells 
{Figure 1). After chey had been linearized with Pad, the ad- 
enoviral recombinants were used to produce adenoviruses in 
HEK 293 packaging cells, resuiung in an AdSox9 adenoviral 
vector diat contained a built-in GFP expression cas!:eccc. A 
recombinant ndcnovirai vector expressing GFP alone also was 
constnicred as a control veaor (AdGFF). 

Isolation and Culture of Human Intervertebral Disc 
Cells. The use of human disc tissue was approved by the Insti- 
tutional Review Board of the University of Chicago. After ap- 
propriate consent had been obtained, human disc dssue was 
recovered after disccctomy performed in the treatment of pa- 
tiencs with degenerative disc pathologies. The specimen (com- 
bined nucleus pulposus and anuhis fibrosus tissue) was rinsed 
twice with PBS buffer ro remove any residual blood or extra- 
neous material. Remnants of the outer anulus dien were iden- 
tified and removed, leaving the disc tissue. Using a sterile sur- 
gical scalpel, the disc dssuc was minced cireiully and placed in 
a solution of Type 1 coUagcnasc (0.5 mgAnL in FBS). The sam- 
ple then was incubated at 37^ C for 45 minutes in a shaker. 
Thereafter, ccntrifugation was used co separate the collagenase 
solution £rom the disassociated cells. After the removal of su- 
pernatant, the remaining cellular component was resuspcnded 
in Eagle minimal essential medium {£M£M; Mcdiatech) sup- 
plemented with 10% (v/v) heat-inactivated FBS, 1% (v/v) non- 
essential amino acids (Mcdiatech)^ streptomycin (100 ftg/mL 
Hnal concenrrarionj/penicillin (100 lU/mL final concentration) 
(Mediatech], and 1% (v/v) sodium pyruvate (Mcdiatech). The 
resuspended material then was placed in a six-well plate and 
allowed to incubate ovcmight at 37^ C in an atmosphere of 5% 
CO2- On the following day» the media was exchanged co re- 
move all components that were not adherent to the cell culture 
plate. The cells were allowed to grow under the same condi- 
tions until they approached conHucncy. The media was ex- 
changed approximately every 3 to 4 days. Once the cells ap- 
proached 80% to 50% coniluency, they were trypsini^ and 
transferred ro cither a 2J-cm^ cell culture flask in preparauon 
for mRNA isoiaiion or a 4S«wcli plate for immuno* 
histochemistry. 
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Rgure 1. Schematic reprasenta- 
tion of adenoviral vector AdSoxS 
construction. An HA-tagged 
cDNA" coding sequence of hu- 
man SoX9 was subcloned into a 
shuttle vector, pAdTracK-CMV. 
Resultant pAdTrack-Sox9 was 
next used to generate adenoviral 
recombinants through homolo- 
gous recombination with the ad- 
enoviral backbone vector, 
pAdEasy-l, in BJSlsa bacterial 
cells. After being linearized with 
Pac t the adenoviral recombi- 
nants were used to produce ad- 
enoviruses in MEK233 packaging 
calls, resulting in an AdSoxS ad- 
enoviral vector that contained a 
built-in GFP expression cassette, 
A recombinant adenoviral vector 
expressing GFP alone also was 
consmjcted as a control vector 
(AdGFP). For detailed information 
about AdEasy System^ please re- 
fer to He et al^ Proc NstI Acad 
5c/ <AM) 199a;95:25D9, and 
vwwv,co(oncanceru)rg/adea$yJnm 
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Western Blotting Anal/sis. Subconflucnt HCT116 cells 
were infected with AdSox^ or AdGFP. Total cell lysatc was 
collected 24 houn after infection and subjected to 4% co 20% 
SDS-SPAGE (approximately 10 /i^ total proteins per lane). 
Aficr beins resolved by electrophoresis, the proteins were 
transferred co an Immobilon-P membrane (Mi)liporc, Bedford, 
MA) via electrobloccing. The membrane was blocked with 5% 
nonfat milk in TEST (10 mmol/L Tris-HCI. pH 8.0. 150 
mmol/L NaCi, 0.05% Twecn-20) at room temperature for 1 
hour and probed with a mouse monoclonal anti-HA antibody 
(12CA5; Roche Molecular Biochemicals, Laval, Canada) for 
60 minutes, followed by a 30-mInute Incubation with an anci- 
mouse IgG conjugated with horseradish peroxidase (PIERCE, 
Rockfofd, IL). The presence of HA-taggcd Sox9 protein was 
visualized using the SupcrSignal West Pico chcmolumincsccnt 
subsrratc kit (PIERCE). 

Total RNA Isolation, and Reverse Transcriptase- 
Polymerase Chain Reaction Analysis. Exponentially grow- 
ing HTB-94 and primary disc cells were infcacd with AdSox? 
and AdGFP. Ac 48 hours after infection, total RNA was iso- 
lated using the RNAgent total RNA Isolation Kit (Promega, 
MadisoQ^ Wl). Purified total RNA was used to generate cDNA 
templates for reverse transcriptase-polymerase chain reaction 



(RT-PCR). Expression of Type 2 collagen was detected by RT- 
PGR analysis using the following pair of Type 2 coUagcn- 
spedfic primers: 5*-GCTCGCACCTGCAGAGACCrG-3* and 
5^GTCCACACCGAATr CCTGCTCG-3'. Tbc expected PCR 
product was approximately 5^0 bp. The PCR fragment*: were 
resolved oo a 1 % agarose gel. Ethidium bromide staining was 
performed for visualizadon of PCR produces under ultraviolet 
light. 

Transfecoon and Lucifcrasc Activity Assay. Subconflucnt 
HTB-94 ceils were cransfected using LipofectAMlNE (Life 
Technologies, Rockville, MD) with a reporter construct, 
pGL2-3.774kb> that contained a lucifcrase reporter gene 
driven by human Type 2 collagen promoter. This vector \vas 
generously provided by Dr. Philippe Gaiera of the University of 
Caen, Prance. Ar ZQ hours after transfcction, ccll5 were re- 
plated and infected with AdSox9, AdGFP, or no infection 
(mock). At 36 hours after infection, the cdls were lysed for 
lucifcrasc activity assays by using the Luciferase Assay Kic (Pro- 
mega). Each assay condition was performed in triplicate. 

Immunohistochcmical Staining for Type 2 Collagen Pro- 
duction. SubconHucnc HTB-94 and primary disc cells were 
infeaed with A<ISoxi^ or AdGFP, At 48 hours after infection^ 
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Rgure 2. Iniervertebral disc degeneration induced by needle anutotomy in a rabbri model. A 27-gaug8 needla puncture through the 
anterior anuliis into the nucleus pulposus was performed. Certain discs then were injected with 10 of saline. At 6 weeks after injection, 
tha animals were killed and the lumbar segments retrieved. Macrographic images ware prepared from the intact and hemisected 
specimens. At anutotomy and anulotomy followed by saline-injection of discs, disc space narrowing and osteophyte formation is evident 
at 6 weeks. Ef ect of Sqx9 on intervertebral disc tissue in rabbits. Recombinant adenoviruses (1 x ICP pfu) were injected into injured rabbit 
lumbar intervertebral disc. Three test conditions ware studied: 1) control (stab incision without injectionL 2) AdGFP (stab incision with 
injection of mock adenovirus. AdGFP), and 3) AdSax9 (stab incision with injection of AdSax9 virus). At 5 weeks after injection, the animals 
were killed. The lumbar disc tissues were recovered and stained with hemetoxylin-eosin. A normal, uninjured disc was included for 
comparison. The disc that underwent annulotomy without injection of adenovirus as well as the disc that underwent. annulotomy with 
injection of the mock virus AdGFP, demonstrated replacement of the disc with fibrocytic cells and dense extracellular matrix The disc 
that received the AdSax9 virus retained the histologic appearance oi cartilage. 



cells were Hxcd and immuDosciined with a rat anti-Type 2 
coUagea antibody (provided by Dr. Michael Ccetner, Uoiver- 
sity of Tennessee, Memphis, TN). A l:2i0 dilution of the anti- 
Type IxoUagen antibody was used. The control condition con- 
sisted of infccicd cells that were not exposed to die primary 
antibody, as well as uninfeacd cells. The cells then were ex- 
posed to a 1:1000 diludon of the secondary antibody (anrirac 
antibody conjugated with horseradish peroxidase). Finally, 
DAB staining was performed using appropriately diluted DAB/ 
mctaJ concentrate (PIERCE). 

Injection of AdSox9 and AdGFP Adenoviral Vectors 
Into Rabbit Incervertebral Disc Tissues. Appropnatc per- 
mission for this study was obtained piospcctively from the 
University of Chicago Animal Care and Use Committee. Four 
skeletally mature New Zealand white rabbits (weight, 2 J kg) 
were used. After anesthesia 'was administered^ a trajisabdomi> 
nal approach was used to access the anterior aspect of the 
lumbar intervertebral discs. Three test conditions were studied: 
1) control (stab indsion wichout injection), 2) AdGFP (stab 
incision with injcctipn of mock adenovirus, AdGFP), and 3) 
AdSox9 (stab incision with injcaion of AdSox? virus). 

In each animal, six disc levels could be exposed* permitting 
two discs per condition per animal. At the control disc^ a 27- 
gauge needle puncture through the anterior anulus into the 
nucleus pulposus was performed. Nuclear material was seen to 
extrude through the needle crack and out of the disc The au- 
thors have found that this method of annulotomy reliably leads 
to both gross and histologic features of disc degeneration 
within 6 weeks (Figure 2), In the AdGFP discs, approximately 
1 X 10^ pfu of AdGFP virus suspended in 10 alL of PBS was 
injected using a 27-gauge needle placed through the anterior 
anulus into the nucleus pulposus. In the AdSox5 discs, approx- 
imately 1 X 10*' pfu of AdSox9 virus was injected using the 
same technique. The abdominal wound was closed in standard 



fashion, and no postoperative activity or diet restriaions were 
imposed on the rabbit* 

At 5 weeks after injection, each rabbir was killed, and the 
lumbar disc tissues were recovered. One half of each disc was 
embedded in paraiBn and used to generate 4-;im-thick sections 
for hematoxylin fic cosin staining. The remaining half was fro^^ 
zen immediately in liquid nitrogen, £rom which sections 
were made. Each section was fixed and immunohistochcmi^ 
cally stained with the same rat anti-Type 2 collagen antibody 
used for the in vitro study described earlier, at a liZ50 dilution. 
The negative control condition consisted of sections that were 
not exposed to the primary antibody. The cells then were ex- 
posed to a 1:1000 dilution of the secondary antibody (antirat 
antibody conjugated with horseradish peroxidase). Finally, 
DAB staining was performed using appropriately diluted DAB/ 
metal concentrate (PIERCE). 

■ Results 

Generation of a Recombinant Adenovirus AdSoxS That 
Expresses Sox9 Exogenousiy 

Recombinant adenoviral vectors currently represent one 
of the most efficient and widely used gene delivery ap- 
proaches. The authors chose to construct an adenoviral 
vector that efficiently expressed Sox9. Specifically, the 
AdSox9 vims was constructed according to the authors' 
previously established AdEasy technology (Figure 1). A 
unique feature of the AdSox9 adenoviral vector was that 
it also contained a buik-in green fluorescent protein 
(GFP) expression cassette that allows for efficient track- 
ing of gene expression. For a control condition, the au- 
thors also constructed a recombinanr adenoviral vector 
that ordy expressed GFP. 
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Figure 3. Expression of exogenous Sox9 mediated by the AdSox9 
adenovirat vector. Subconfluent HCTIIG cells were infected with 
AdSox9 or AdGFP. Total cell l/sate was collected 24 hours after 
infecdon and subjected to 4% to 20% SDS^SPAGE (approximately 
10 /ig total proteins per lane). After being resolved and transferred 
to an Immobilon-P membrane, the presence of HA-tagged Sox9 
protein was probed with a mouse monoclonal ant'-HA antibody 
il2CA5, Roche Molecular Bio chemicals) and visualized using the 
SuperSignal West Pico chemiiuminescent substrate kit (PIERCE). 

The authors next tested exogenous expression of Sox9 
mediated by AdSox9. The Sox9 gene encodes a 509- 
amino acid protein. To distinguish Sox9 production cre^ 
aced by the adenoviral vector from endogenous Sox^^ an 
HA tag was placed on the C-terminus of the Sox9 coding 
sequence. Thereafter, HCT116 cells were infected with 
AdSox^ or the control virus AdGFP. At 24 hours after 
infection, the cells were collected and subjected to West- 
em blotting analysis using an anti-HA annbody. As 
shown in Figure 3, a naarked increase in Sox9-HA pro- 
tein synthesis was readily detected in the AdSox9- 
infected cells, whereas the cells infected with AdGFP pro- 
duced no detectable signal. 

To determine the transduction efficiency of the adeno- 
viral vectors, both AdSox^ and AdGFP were used to 
infect the chondroblastic line HTB-94 and cultured pri- 
mary human disc cells. At 24 hours after infection, the 
cells were examined under a fluorescence microscope for 
assessment of GFP levels, which should have been coex- 
pressed with Sox9. As demonstrated in Figure 4, compa- 
rable infection rates between the AdGFP control condi- 
tion and the AdSox9 vector were observed. Given that 
the cells were approximately 70% to 80% confluent at 
the time of infection, an overall infection efficiency ex- 
ceeding 60% could be achieved using both adenoviral 
vectors without any significant adenovirus-related 
toxicides. 

Exogenous Sox9 Expression Upregulates the ProaUW 
mRNA Level 

Reverse transcriptase-polymerase chain reaction analy- 
sis of Proal(ll) mRNA expression was performed on 
prrB-94 cells and human disc cells that had been infected 
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Rgure 4 Efficient transduction of chondrocytes by recombinant 
adenoviral vectors. Subconfluent HTB-94 and primar/ human disc 
cells were infected with AdSox9 or AdGFP. At 24 hours of adeno- 
viral infection, expression of GFP was visualized and recorded 
using fluorascance microscopy. 



with AdSox9 or AdGFP for 48 hours. Expression of 
Type 2 collagen was detected by RT-PCR analysis using 
a pair of Type 2 collagen-specific primers. As indicated in 
Figure 5 A and 5B, a strong and specific amplification of 
the anticipated 560-bp fragment was readily detected in 
the cells infected with AdSox9. None of the control con- 
ditions including the RT control reactions, the internal 
PGR control reactions, and the cells infected with 
AdGFP exhibited this band at the corresponding 560- bp 
region. These results suggest that upregulation of Sox9 
led to enhanced expression of Proal(II) at the mRNA 
level. 

To ensure that upregulation of Type 2 collagen by 
Sox9 was mediated through its interaction with the 
Proal(II) promoter, a reporter, pGL2-3-774kb, chat 
contained a ludferase reporter gene driven by the human 
ProaEl(II) promoter was tested. Specifically, HTB-54 
cells were first transfected with the reporter construct 
and then infected with AdGFP (mock virus), AdSox9, or 
no virus infection. At 36 hours after infection, the cells 
were lysed and collected for ludferase activity assays. As 
indicated in Figure SC, lucdfcrase acrivity in the cells in- 
fected with SoxS demonstrated a nearly twofold in- 
crease, indicating that Sox9 induced Proal(n) mRNA 
expression through interaction with its promoter. There 
was no detectable difference between the uninfected and 
AdGFP-infeaed cells. These findings confirm the conclu- 
sion that Sox9 can upregulate Proal(II) mRNA 
expression. 

Inununohistochemical Analysis of Type 2 Collagen 

Production Induced By Exogenous SoxS 
Primary disc cells and HTB-94 cells were infected with 
AdSox9 or AdGFP. At 48 hours after infection, the cells 
were fixed and immunohistochcmically stained using a 
rat anti-Type 2 collagen antibody. The control group for 
both the HTB-94 and human disc cells were infected 
with Sox9, but were not exposed to the primary antibody 
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Figure 5. Induction of Type 2 collagen expression by exogenous Sox9. A and D, RT-PCR anaJysis of Typa 2 collagen sxprassion. ' 
Exponentially growing HTB-94 cells |A) and primary disc cells |B) were infected wrth AdSoxS and AdGFP. At 48 hours aftor infection, total 
RNA was isolated and subjactad to roverse trsnscriptasa-PCR reactions. Expression of Type 2 collagen was derected by PR-PCR analysis 
using a pair of Type 2 collagen-specific primers. The expected PGR product was approximately 560 bp (arrows). Lane 1: 1-kb plus ladder 
(lifB Technologies). Lanes 2 and 5: templates derived from +RT reactions, bnes 3 and 6: no template control. Lanes 4 and 7: templates 
derived from -RT reactions, Activation of Type 2 collagen promoter-containing reporter Subconfluent HTB-94 cells were transfected 
with a reporter construct pGL2-3.7741<b, that contained a luciferase reporter gene driven by human C0L2A1 promoter. At 20 hours after 
transfection, the cells were replated and infected with AdSDx9, AdGFP, or no infection (mock). At 48 hours after infection, the cells were 
lysed and collected for luciferase activity assays using the Luciferase Assay kit (Promega). Each assay condition was performed in 
triplicate. 



during imraunohlscochemical staining. As Uluscraced Ln 
Figure 6, scainiDg was clearly evident in the AdSox9- 
infected HTB-94 ceUs (Figure 6, upper panel), whereas 
no appreciable staining was detectable in the control or 
AdGFP-infected cells. In human intervenebral disc cells 
(Figure 6, lower panel), the addition of exogenous Sox9 
markedly increased the production of Type 2 collagen 
above any basal expression in either of the control con- 
ditions. These observations were consistent with the RT- 
PCR and reporter assay results, indicating that exoge- 
nous Sox9 production leads to a significant increase in 
Type 2 collagen production. 



Effect of SoxS on Intervertebral Disc Tissue in a 
Rabbit mael 

The aforementioned data provides evidence that exoge- 
nous Sox9 production leads to an increase in Type 2 
collagen production in vitro. The authors therefore 
sought to validate these findings in an m vivo model of 
disc degeneration that would more closely predict its 
value in a clinical setting- The New Zealand white rabbit 
disc stab-incision model of intervertebral disc degenera- 
tion has been well characterized and was used in this 
study (Figure 2). Three test conditions were studied: 1) 
control (stab incision without injection), 2) AdGFP (stab 
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AdGFP 



AdSoxS 
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Figure 6. Immunohistochemical 
analysis of Type 2 collagen pro- 
duction induced by exogenous 
$0X9. Subconfluent HTB-94 and 
primary disc cells were infected 
with AdSox9 or AdGFP. At 3B 
hours after infection, the cells 
were fixed and immunostained 
with a rat anti-Type 2 collagen 
antibody (provided by Dr. Mi- 
chael Cremen University of Ten- 
nessee, Memphis, TN), The con- 
trol condition represented 
infected cells immunostained 
without the primary antibody. 
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incision with injection of mock adenovirus, AdGFP), and 
3) AdSox^ (stab incision with injection of AdSox9 virus). 
A total of four rabbits were used. However, one animal 
died shortly after surgery, leaving three animals for 
study. At 5 weeks after injection, the rabbits were killed 
and the intervertebral discs recovered and stained with 
hematoxyiin-eosin. The control discs^ and the AdGFP 
discs^ were compared wich noninjured discs. The cen- 
tral portion of both the control and AdGFP discs was 
replaced with spindle-shaped fibrocytes, and the extra- 
cellular matrix no longer retained the loosely organized 
appearance of the nucleus pulposus (Figure 2), In con- 
trast, the discs injected with AdSox9^ retained a more 
chondrocytic appearance, with regard to both the cellu- 
lar njiorphology and the extracellular matrix (Figure 2), 
Immunohistochemicai staining for Type 2 collagen was 
performed on frozen sections from each disc. However, 
significant background staining of Type 2 collagen pre- 
cluded meaningfol comparisons of Type 2 collagen levels 
between study discs. 

■ Discussion 

The data presented in this study corroborate the impor- 
tant role that Sox9 plays in the regulation of Type 2 
collagen synthesis. The authors have developed a novel 
delivery system using an adenoviral vector, and have 
tested it in several cultured cell lines, including human 
degenerated intervertebral disc cells. The increased pro- 
duction of Sox9 induced by AdSox9 uprcgulates 
Proai(II) mRNA expression through interaction with 
ihe promoter region. This culminates in increased Type 2 
collagen production at the cellular level in vitro. Further- 
more, in a rabbit intcrvcitcbral disc injury model, pre- 
liminary data appear to indicate that injection of AdSox9 
preserves the chondrocytic appearance of the nucleus 
pulposus cells, as compared with discs injected with the 
AdGFP mock virus over a 5-week period. 

The current smdy succeeded in demonstrating aans- 
fecrion of cells from degenerated human intervertebral 
discs^ supporting rhe potential therapeutic role of this 
approach in human disc degeneration. Although nonma- 
nipulated degenerated disc tissue has limited Latrinsic 
ability to synthesize Type 2 coUagen,^^ Sox9 was able to 
drive cells from human degenerated discs to produce 
Type 2 collagen. The significance of the cells maintaining 
their ability to respond to Sox9, even Ln the face of disc 
degeneration, has obvious implications for the biologic 
treatment of disc degeneration- 
Maintaining high concentrations of competent Type 2 
collagen in the nucleus pulposus is thought to be impor^ 
tant for normal disc function.'*'''' Furthermore, the initial 
increases in Type 2 collagen synthesis seen in response to 
disc injury suggest a role in disc healing,^^ The signifi- 
cance of stimulating Type 2 collagen production for the 
treatment of degenerative disc disease is not completely 
understood. Takaishi et aP^ demonstrated that during 
die early stages of disc degeneration in a rabble model, 
there is a transient period of increased Proofl(TI) mRNA 



expression approxinnately 4 weeks after the anulus fibro- 
sus has been incised. This was interpreted as an early 
aaempt at disc repair that was not sustained beyond 4 
weeks, and ultimately did not prevent further disc degen- 
eration. Upregulation of Proal(n) mRNA expression, 
therefore, appears to be important in the healing process 
within the nucleus pulposus. In the setting of continued 
mechanical and nutritional stress, however, the disc ceUs 
are unable to sustain this response, and disc degeneration 
ensues. 

With disc degeneration, chondrocytic cells are re- 
placed by fibrocytes synthesizing Type 1 collagen.** Ad- 
ditionally, an overall decrease in disc cell density with 
age and degeneration is seen.^'* In a study of human 
intervertebral discs, Grubcr et al^'^^ stated that apopto- 
sis, or programmed cell death, largely accounts for this 
depopulation over time, and chat interventions which 
delay or halt apoptotic cell death may constitute a means 
of treating degenerative disc disease. In the current study, 
Sox9 expression clearly stimulated Type 2 collagen pro- 
duction in cultured human disc cells and a chondrosar- 
coma cell line, suggesting that Sox9 may help to reduce 
apoptosis by stimulating chondrogenic factors. In a rab- 
bit disc stab-injury model, SoxP transduction reduced 
the histologic transformation of chondroid disc cells into 
fibrocytes in rabbit discs. The preservation of the chon- 
drocytic appearance of cells within the nucleus pulposus 
despite previous disruption of the anulus suggests that 
Sox9 expression also may enhance the capacity of the 
nucleus pulposus to heal itself after injuries. 

Few studies have investigated the role of gene therapy 
in the treatment of disc degeneration. In 1998, Nishida et 
al^^ demonstrated successfiil transfer of a lacZ marker 
gene to rabbit lumbar intervertebral discs using an ade- 
novirus vector. Gene therapy studies from this group 
have examined the ability of exogenous genes encoding 
TGF-Tpl to stimulate proteoglycan synthesis in rabbit 
intervertebral discs. Growth factors such as TGF-Tj31 
have vTide anabolic effects, making them attractive can- 
didates for the stimulation of connective tissue matrix 
production. However, before considering these growth 
factors therapeutically, detaik regarding the methods of 
action and the wide range of effects on disc tissue must be 
understood. To the authors' knowledge, no prior studies 
have reponed gene therapy techniques specifically stim- 
ulating production of Type 2 collagen- This may offer an 
attractive therapeutic approach either alone or in com- 
bination with other faaors that promote disc healing. 

Delivery of gene products to intervertebral disc nu- 
cleus pulposus represents a novel method for manipulat- 
ing the biologic pathways necessary for chondrogenesis. 
Although a number of techniques for gene therapy have 
been described,"*^ adeno virus-mediated gene therapy 
may provide significant advantages. Adenoviruses have 
high transfection eflScicncies, and can transduce cells in- 
dependently of cellular proliferation. A limitation of this 
rechnique is the decline in transgene e.>cpression over time 
where the immune system is active. In the iniervenebral 
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disc, the relauvely encapsulared and avascular environ- 
ment of die nucleus pulposus may, however, limit im- 
mune reactivity, peimitting prolonged gene expression. 

The early m vivo data rcponed suggest that exoge- 
nous Sox9 production may help to preserve the chondro- 
cytic appearance of the disc space in a degenerative mi- 
lieu. The process of disc degeneration is exceedingly 
compiexj, and the upregulation of Type 2 collagen syn- 
thesis addresses only a portion of this process. Still, the 
data in this study suggest that gene therapy using Sox9 
may represent a promising new therapeutic intervention 
in the treatment of degenerative disc disease. 
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